Growth factor-derived mitogenic signals from the cell surface are transmitted to the nucleus via receptor tyrosine kinases (RTKs), the adaptor proteins Shc and Grb2, and a Ras-dependent protein kinase cascade that activates the extracellular signal regulated kinase (ERK) subfamily of mitogen-activated protein kinases. ERKs also are activated by hormones that stimulate G protein-coupled receptors (GPCRs). We report here that, in agreement with previous data, the epidermal growth factor receptor (EGFR) is a signaling intermediate in ERK activation by GPCRs. Of import, we show that cross-talk between two classes of surface receptors, RTKs and GPCRs, is a general feature. Lysophosphatidic acid not only induces ligand-independent tyrosine autophosphorylation of EGFR but also of platelet-derived growth factor ␤ receptor (PDGF-␤-R) as shown by detection of tyrosine phosphorylation and by the use of specific inhibitors of RTKs. The cross-talk appears to be cell type-specific: In L cells that lack EGFR, lysophosphatidic acid-induced Shc and ERK activation is prevented completely by specific inhibition of PDGFR, whereas in COS-7 cells expressing only EGFR, the pathway via EGFR is chosen. In Rat-1 cells, however, that express both EGFR and PDGFR, the EGFR pathway dominates.
The proliferative response of mammalian cells is executed, at least in part, by transcription factors that are controlled by the extracellular signal regulated kinase (ERK) subfamily of mitogen-activated protein kinases. ERKs are at the end of one or several signaling cascades through which extracellular mitogenic stimuli are converted into proliferative responses (reviewed in ref. 1) . The best studied cascade is triggered by growth factors that stimulate receptor tyrosine kinase (RTK) autophosphorylation and tyrosine phosphorylation of the adaptor proteins Shc and Grb2, followed by recruitment of the Ras guanine nucleotide exchange factor Sos. Assembly of this signaling complex leads to activation of the small GTP-binding protein Ras and subsequently of a protein kinase cascade reaching ERK (reviewed in refs. 2 
and 3).
A diverse group of agonists (e.g., peptide hormones, neurotransmitters, and phospholipids) that do not directly interact with RTKs but rather act through G protein-coupled receptors (GPCRs) also induce proliferative responses and even cellular transformation in a variety of cell lines and tissues (reviewed in refs. [4] [5] [6] [7] [8] [9] . The major mitogenic activity in serum, in fact, is represented by a GPCR ligand, lysophosphatidic acid (LPA). LPA induces, e.g., proliferation of fibroblasts or of smooth muscle cells (reviewed in refs. 10 and 11) and tumor cell invasion (12) . ERK activation or DNA synthesis induced by GPCRs involves receptor-specific activation of heterotrimeric G proteins, both pertussis toxin (PTX)-sensitive (G i͞o ) and -insensitive (G q ) (reviewed in refs. 13 and 14) . It is thought that both the ␣ and the ␤␥ subunits of heterotrimeric G proteins can lead to ERK activation. G i ␤␥ subunits would account for the PTX-sensitive pathway (17) (18) (19) . G␣ q subunits appear to activate ERK through protein kinase C (PKC) (16, 19) . Of interest, ERK activation by either G i -or G q -coupled receptors can be inhibited by genistein (15, 18, 20) and several GPCR agonists such as LPA cause tyrosine phosphorylation of a number of proteins including the adaptor protein Shc and induce Shc-Grb2 complex formation (15, (21) (22) (23) (24) (25) (26) . The nature of the tyrosine kinase involved has been subject to intense investigation. Recently, a novel pathway has been discovered: ligand-independent activation of RTKs (27) (28) (29) (30) (31) . LPA, endothelin, or thrombin activate the epidermal growth factor receptor in Rat-1 cells in the absence of EGF. Inhibition of EGFR kinase activity leads to failure of these stimuli to activate ERK and cfos (31) .
We report here the GPCR-mediated ligand-independent activation of PDGFR. This step becomes limiting in cells lacking EGFR. The data presented support the existence of crosstalk between GPCRs and several RTKs as a general mechanism.
bit polyclonal anti-Shc, Transduction Laboratories (Lexington, KY); phosphospecific anti-ERK, New England Biolabs. Secondary antibodies were from Dianova (Hamburg, Germany). The enhanced chemiluminescence system was from Amersham.
Cell Culture and Transfections. COS-7 (Genentech) and Rat-1 cells were cultured in DMEM containing 10% FCS, and L cells were cultured in ␣-MEM containing 10% FCS. All media were supplemented with penicillin (50 units͞ml) and streptomycin (50 g͞ml).
COS-7 and L cells were transfected transiently at 70% confluency by using Lipofectamine as described by the manufacturer. For transfection of COS-7 cells in 12-well dishes, cells were incubated for 6 h in 0.4 ml of serum-free medium containing 4 l of Lipofectamine and 0.8 g of total plasmid DNA per well. With this protocol, transfection efficiency in COS-7 cells reached 80-90% measured by transfection of a ␤-galactosidase-containing construct. For transfection of L cells in 10-cm dishes, 4 ml of serum-free medium, 40 l of Lipofectamine, and 10 g of total plasmid DNA were used. At 48 h after transfection, cells were serum-starved for 16 h, then treated and lysed. Stable transfectants with the PDGF-␤-R or the C terminus of the ␤-adrenergic receptor kinase (␤ARK-ct) were selected with 400 g͞ml Geneticin (G418; GIBCO) and tested by immunoblotting for expression. For 32 P-labeling of cells, cells were incubated in phosphate-deficient medium for 16 h and then supplemented with 500 Ci͞ml 32 Porthophosphate for 2-3 h.
Cell Lysis, Immunoprecipitation, SDS͞PAGE, and Immunoblotting. Cells grown to confluency were washed with PBS, serum-starved for 16 h, and then treated with inhibitors and agonists as indicated. Before lysis, cells were washed once with PBS and lysed for 10 min on ice in lysis buffer containing 50 mM Hepes (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 10% glycerol, 10 mM sodium pyrophosphate, 2 mM sodium orthovanadate, 10 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, and 10 g͞ml aprotinin. Lysates were precleared by centrifugation, supernatants diluted with an equal volume of dilution buffer containing 20 mM Hepes (pH 7.5), 150 mM NaCl, 0,1% Triton X-100, and 10% glycerol and subsequently were subjected to immunoprecipitation at 4°C overnight by using the antibodies indicated in the figures. Subsequently, 30 l of Protein A-Sepharose beads (12.5%, wt͞vol) was added, incubated for 3-4 h, and precipitated by centrifugation. Precipitates were washed three times with dilution buffer, resuspended in SDS sample buffer, boiled for 3 min, and subjected to SDS͞PAGE. After SDS͞PAGE, proteins were transferred to a nitrocellulose membrane and immunoblotted.
ERK Mobility Shift Assay. Cells were grown to confluency in 6-well dishes, washed once with PBS, serum-starved for 16 h, washed again, and lysed on ice in SDS sample buffer. Lysates were then subjected to SDS͞PAGE on 10% gels, and ERK isoforms were visualized by immunoblotting.
In Vitro ERK Assay. Epitope-tagged HA-ERK2 or endogenous ERK was immunoprecipitated from lysates obtained from 12-well dishes by using 2.5 g of 12CA5 antibody or 5 l of anti-ERK2 antibody, respectively, and was washed three times with 0.25 ml of dilution buffer (see above) and once with 0.4 ml of kinase buffer containing 20 mM Hepes (pH 7. 
RESULTS
Cell Type-Specific Differences in LPA-Mediated Mitogenic Activity. In a comparison of GPCR-mediated mitogenic pathways in COS-7, Rat-1, and L cells, widely studied model systems for GPCR-signaling, we came across a striking difference in LPA-induced ERK activation. In Rat-1 and COS-7 but not L cells, LPA treatment led to strong ligand-independent tyrosine phosphorylation of the endogenous EGFR, approximately equivalent to that seen after stimulation with 3 ng͞ml EGF ( Fig. 1 and ref. 32 ). The phosphorylated EGFR was functional in that it tyrosine-phosphorylated the adaptor protein Shc, a critical step in RTK-mediated stimulation of Ras-dependent ERK activity (reviewed in refs. 2 and 3), as detected in immunoprecipitated Shc isoforms from either COS-7 or Rat-1 cells ( Fig. 1 and see also ref. 32) . A tyrosinephosphorylated 180-kDa protein coprecipitated with Shc from COS-7 cell lysates ( Fig. 1 , longer exposure) also stained with the anti-EGFR antibody (data not shown), suggesting that EGFR was responsible for LPA-mediated Shc tyrosine phosphorylation in COS-7 cells. In further support of functionality of GPCR-activated EGFR, the inhibition of EGFR by either the EGFR kinase-selective tyrphostin AG1478 (33) or by expression of a truncated kinase-deficient dominant negative EGFR mutant, HER-CD533 (34), eliminated LPA-induced activation of Shc and ERK (in vitro kinase assay) both in Rat-1 and COS-7 cells (Fig. 1 , Rat-1 and COS-7). Other tyrosine kinase inhibitors, e.g., the PDGFR kinase-selective tyrphostin AG1296, were ineffective ( Fig. 1, Rat-1) .
In L cells, LPA also caused ERK activation as measured by ERK mobility-shift assays (Fig. 1, L cells) . In contrast to Rat-1 and COS-7 cells, however, the LPA action was not inhibited by either AG1478 (Fig. 1, L cells) or the dominant negative EGFR mutant (data not shown). Also, ERK activation by another inducer of a ligand-independent EGFR pathway, UV irradiation (27), was not inhibited by AG1478 (Fig. 1, L cells) or the EGFR mutant (data not shown). In contrast, AG1478 and the dominant negative EGFR mutant blocked the response to UV irradiation in other cells (27, 29) . This result prompted us to investigate whether L cells expressed a functional EGFR at all and how LPA nevertheless could activate ERK in L cells.
LPA-Mediated Mitogenic Activity in EGFR-Deficient Cells. EGF concentrations of up to 100 ng͞ml had no effect on ERK activity in L cells (Fig. 1, L cells) , and by Western blot analysis no EGFR could be detected (data not shown). We conclude therefore that L cells do not express EGFR. In search of an alternative pathway that could be used by LPA to activate ERK in L cells, we considered two possibilities: (i) a pathway linking an LPA receptor (LPAR) to G q ͞PKC or (ii) involvement of another receptor tyrosine kinase. We have shown previously that LPA-mediated inositol phosphate accumulation in L cells is 60-80% sensitive to PTX pretreatment, indicating predominant involvement of G I proteins (35) . A minor contribution of G q ͞PKC, however, cannot be excluded. To explore this possibility, we either depleted PKC by prolonged pretreatment of the cells with phorbol 12-tetradecanoate 13-acetate (TPA) ( Fig. 2A) or blocked PKC activity by short term incubations with the specific PKC inhibitor GF109203X (36) (data not shown). Both treatments had no effect on LPA-stimulated ERK activity, whereas ERK activation after stimulation of stably expressed G q -coupled m5-muscarinic receptor (m5R), supposedly acting through PKC (35, 37) , was completely inhibited by TPA pretreatment (Fig. 2B) or by the PKC inhibitor (data not shown). These results suggested that LPAmediated ERK activity in L cells depended on G i proteins.
ERK activation by G i -in contrast to G q -coupled receptors should be sensitive to the G␤␥ sequestrants ␤ARKct or transducin ␣ (16, 17, 19) . Indeed, in L cells stably expressing the G␤␥-scavenger ␤ARKct (17, 35), LPA-induced ERK activation was strongly inhibited (Fig. 2C) . Therefore, we conclude that LPA in L cells is linked to the ERK pathway in a G i ␤␥-dependent manner and does not involve PKC.
LPA-Mediated Mitogenic Activity in L Cells Requires the PDGFR as an Essential Signaling Intermediate. To explore the possible involvement of other RTKs in GPCR-mediated ERK activation in L cells, we first analyzed tyrosine phosphorylation of the adaptor protein Shc as an indicator of RTK activity. In Shc immunoprecipitates of 32 P-labeled L cells, we detected comparable levels of LPA-and PDGF-stimulated Shc tyrosine phosphorylation within 15 min (Fig. 3) . Despite 24 h of serum starvation of L cells, basal Shc tyrosine phosphorylation remained relatively high, indicating unavoidable spontaneus Shc activation. Candidate RTKs possibly responsible for the LPA-dependent increase in Shc tyrosine phosphorylation were detected by Western blotting: PDGF-␤-receptor and Her2͞neu, an EGFR-family member (data not shown). To sensitively assay for a ligand-independent autophosphorylation of RTKs in response to LPA, we first enriched all glycosylated RTKs by precipitation with agarose-coupled lens culinaris lectin. The precipitates were subjected to SDS͞PAGE and probed with anti-phosphotyrosine. In these fractions, a 190-kDa protein was phosphorylated consistently in response to LPA. It comigrated with a protein phosphorylated in response to PDGF and corresponded in size to the PDGFR (not shown).
Most interesting to note, when L cells were pretreated with the PDGFR kinase-selective inhibitor AG1296 (38), LPAinduced ERK activation was attenuated strongly (as measured by ERK mobility-shift assays; Fig. 4) . These results support the idea that, in L cells, PDGF-␤-receptor autophosphorylation is an essential signaling step in ERK activation by LPA. Furthermore, LPA caused tyrosine phosphorylation of the immunoprecipitated PDGF-␤-R in hPDGF-␤-R (39) overexpressing L cells (Fig. 5A) , which again was abrogated by AG1296 (Fig.  5B) as was Shc tyrosine phosphorylation and ERK activation (data not shown). Immunoprecipitated HER2͞neu, in contrast, was not phosphorylated (data not shown). In a transient cotransfection assay, overexpression of a truncated kinasedeficient dominant negative PDGFR mutant (PDGF-␤-R-CD504) (40) abolished LPA-and PDGF-stimulated activation of an epitope-tagged version of ERK2, HA-ERK2 (41) (Fig.  5C ). These data imply that activation of the intrinsic kinase activity of the receptor is necessary for the LPA signal and demonstrate a role for PDGF-␤-R in LPA͞G i -stimulated ERK activation in L cells.
LPA-Mediated Mitogenic Activity in Rat-1 Cells Expressing Both EGFR and PDGFR.
To investigate which RTK, PDGFR or EGFR or both, mediated mitogenic activity induced by LPA in a cell line functionally expressing both RTKs (31), we chose Rat-1 cells. In these cells, LPA-induced, ligand-independent EGFR tyrosine phosphorylation and ERK activation were unaffected by AG1296 (Fig. 1, Rat-1) , whereas AG1296 inhibited the effect of PDGF. On the other hand, AG1478 (100 nM) completely blocked LPA-and EGF-induced ERK activity and EGFR tyrosine phosphorylation (31), leaving PDGF signaling unaltered (Fig. 1, Rat-1 ). In agreement with these observations, AG1296, even at the high concentration of 30 M, was unable to attenuate LPA-mediated Shc tyrosine phosphorylation, whereas that stimulated by PDGF was already fully blocked with 10 M AG1296 (Fig. 1, Rat-1) . In contrast, AG1478 at the low concentration of 100 nM completely blocked LPA-induced but not PDGF-induced Shc tyrosine phosphorylation (Fig. 1, Rat-1 (27) (28) (29) (30) . Provided the mechanisms are similar (to be discussed below), one may speculate that GPCRs link to many RTKs, suggesting that the crosstalk between GPCRs and RTKs represents a general principle of GPCR action. The generalization is supported further by reports on ligand-independent phosphorylation of the PDGF-␤-R (42), of the insulin-like growth factor-1 receptor, of insulin receptor substrate-1, and of phospholipase C␥ in response to angiotensin II and thrombin in primary rat vascular smooth muscle cells (43, 44) . Ligand-independent activation of RTKs by GPCRs occurs in a cell type-specific manner, possibly reflecting either relative abundance of RTKs or preferential coupling to particular RTKs. In COS-7 cells devoid of functional endogenous PDGFR and also in Rat-1 cells where PDGFR is coexpressed endogenously with high levels of EGFR, EGFR inhibition by AG1478 resulted in a complete loss of LPA-stimulated ERK activity. On the contrary, in L cells that lack EGFR, the PDGFR represented the dominant signaling intermediate in ERK activation by LPA. The fact that, in contrast to Rat-1 cells (31), Her2͞neu was not activated in response to LPA in L cells possibly can be explained by the absence of EGFR; ligandindependent activation of Her2͞neu by LPA or UV irradiation appears to require heterodimer formation of Her2͞neu with EGFR (29, 31) . However, we cannot exclude that the failure to detect Her2͞neu activation by GPCRs reflects inefficient coupling of Her2͞neu to the G i -mediated signaling pathway in the absence of EGFR.
In many cells, LPA stimulates G proteins of the G i -, Gq-, and G 12͞13 families (reviewed in ref. 11) , and G␣ as well as G␤␥ subunits may be involved in ERK activation by GPCRs (17) (18) (19) . In L cells, the effects of LPA on ERK activity are mediated by G i ␤␥ subunits because the signal is PTX-sensitive and is inhibited by coexpression of the G␤␥ scavenger ␤ARKct. Although PTX-insensitive G proteins are expressed in L cells (35) , G q does not seem to participate in the mitogenic response to LPA because the mitogenic response is not blocked by PKC inhibition. Finally, the PTX-insensitive G 12͞13 proteins are linked functionally to Jun-N-terminal kinase rather than to ERK (41, 45, 46) . G 12͞13 may contribute to the LPA-(and serum-) induced overall mitogenic response by activation of an as-yet-unidentified pathway via the small GTP-binding protein Rho (47) .
RTKs act as dimers: one subunit phosphorylating the other and vice versa. According to current models (reviewed in refs. 2 and 3), the RTK ligands induce dimerization and thereby autophosphorylation. The discovery of ligand-independent RTK-activation (27-31) strongly suggests that dimerization, at least, cannot be the only mechanism of activation. Moreover, ligand-independent activation of RTKs by UV irradiation causes prolonged lifetime of their tyrosine phosphates and regulation can be directly attributed to protein tyrosine phosphatases (PTPs) (ref. 29 and S. Gro␤, A.K., T. Tenev, A. Neininger, A. Deck, P.H., M. Gaestel, and F. Böhmer, unpublished work). Inhibition of a specific PTP also may account for GPCR-mediated RTK activation because antioxidants (which are thought to prevent inhibition of PTPases) were shown to inhibit LPA-induced activation of the ERK pathway in HeLa cells (48) .
Remarkably, UV-or Ca 2ϩ -induced signaling through RTKs requires c-Src function (49, 50) . Recently, it has been suggested that Src-family kinases mediate LPA͞G i ␤␥-dependent phosphorylation of EGFR and subsequently ERK activation in COS-7 cells independently of RTK activity (51) . Our results demonstrate, however, that, in the case of LPA-mediated ERK activation, ligand-independent autophosphorylation of RTKs is necessary because the kinase-selective tyrphostins AG1478 and AG1296 as well as dominant negative mutants of both PDGFR and EGFR abolished LPA-mediated RTK tyrosine phosphorylation and activation of ERK. However, RTKs and nonreceptor tyrosine kinases may cooperate in the mitogenic response to GPCRs; c-Src is necessary for mitogenic signaling by EGF and PDGF (52) (53) (54) and associates with (55, 56) and phosphorylates (57) (58) (59) both RTKs at nonautophosphorylation sites. In the case of EGFR, this confers binding of c-Src to EGFR (58) . Mutation of such a c-Src-dependent phosphorylation site in the PDGFR reduces the mitogenic response to PDGF (59) . One therefore could imagine that ligandindependent autophosphorylation of RTKs is enhanced by c-Src phosphorylation of the receptors, and both kinases may act as scaffolds for adaptor molecules like Shc. Shc then would be accessible for phosphorylation by RTKs and͞or c-Src or a c-Src-like kinase (60) . A recent report suggests that other cytoplasmic tyrosine kinases could possibly connect GPCRs to ERK activation independently of Src and Shc tyrosine phosphorylation via a novel, yet unidentified 100-kDa Grb2-binding protein (61) .
In the past, signal transduction pathways were perceived as linear processes from the cell surface to the nucleus. We now begin to understand signaling as a complex network, so far established at the level of downstream signaling molecules (62) . A new level of complexity is added with the realization that cross-talk also exists between different classes of surface receptors: GPCRs and RTKs. Our contribution here is the demonstration that such cross-talk occurs in a cell type-specific manner via ligand-independent activation of different RTKs by the same GPCR ligand.
